Introduction {#sec0005}
============

Early identifying signature features of an outbreak can provide policy- and decision-makers with timely information to implement effective interventions ([@bib0110], [@bib0010]). Recently, a novel coronavirus (COVID-19) outbreak has occurred in Wuhan, Hubei, China, and has spread out to neighboring countries ([@bib0015], [@bib0055], [@bib0090]).

During the early stages, the prediction of the COVID-19 epidemic employing transmission dynamics models relies on the cumulative number of reported cases or the number of newly reported ones. The dynamic impact of the increasingly strong measures of the Chinese government has not been fully captured. Unprecedented interventions, including strict contact tracing, quarantine of entire towns/cities, and travel restrictions, have added and will add further uncertainty to the analysis of the epidemic.

When enforcing such measures to a sample of 100 people, at least nine of these may be found infected. Nearly 50% of infected people are confirmed from suspected cases ([@bib0030]). It is unfeasible to predict the impact of the COVID-19 epidemic without taking into account the effects of the recently implemented control measures. Estimates based on transmission dynamics models not including quarantined/suspected cases, as well as the cumulative reported cases from these compartments, cannot be used for informing public health policies ([@bib0100]).

Since January 23, 2020, after the implementation of the lock-down strategy in Wuhan, all other Chinese provinces have adopted similar measures. Nevertheless, the number of recently reported cases has increased faster than before, because of the incubation period of the virus, or the introduction of new screening/testing measures. Moreover, the diagnosis and treatment procedures have been simplified, and the detection effort has been strengthened ([@bib0065]).

As such, the classic SEIR model cannot be used to depict and fit the data. The evolutionary trend of the epidemic depends on the strength of interventions, especially on the scale of quarantined and suspected populations ([@bib0100]). It is necessary to devise a dynamic model with suspected compartments incorporating prevention and control strategies to predict the trend of the COVID-19 epidemic based on multiple data sources and assess the efficacy of control strategies. We also include the model-free method to estimate the actual number and to verify the declining trend of new infections.

Methods {#sec0010}
=======

Data {#sec0015}
----

We obtained data of laboratory-confirmed COVID-19 cases in China from the "National Health Commission" of the People\'s Republic of China and the Hubei\'s "Health Commission" ([@bib0105], [@bib0035], [@bib0070]). Data information includes the newly reported cases, the cumulative number of reported confirmed cases, the cumulative number of cured cases, the number of death cases, and the cumulative numbers of quarantined/suspected cases ([Figure 1](#fig0005){ref-type="fig"} ). The number of quarantined cases does not include the number of suspected cases, although the suspected cases have been isolated. Except for Hubei, the mean duration of hospital stays was around nine days, with the shortest hospitalization duration of five days (in Hainan) and the longest hospitalization duration of 12.75 days (in Guangdong). The length of hospital stays in Hubei was around 20 days, because, on the one hand, more severe patients were found in Hubei, and on the other hand, Wuhan has set stricter discharge standards. In addition to the usual standards of two nucleic acid tests being negative within 24 h, Wuhan requires 10--12 days more of observation in the hospital ([@bib0035], [@bib0070], [@bib0025], [@bib0075]). Since the number of daily cases in hospital is not suitable to identify the model/estimate the parameters, we use cumulative data.Figure 1The datasets related to the COVID-19 epidemic, including newly reported cases, cumulative number of reported cases, cumulative number of cured cases, cumulative number of death cases, cumulative quarantined cases, and cumulative suspected cases.Figure 1

Data used in the present study is reported in Appendix 1.

The model {#sec0020}
---------

A deterministic SEIR model based on the clinical progression of the disease, epidemiological status of the individuals, and intervention measures was proposed ([Figure 2](#fig0010){ref-type="fig"} ). We stratify the populations as susceptible (*S*), exposed (*E*), infected (*I*), hospitalized (*H*), and recovered (*R*) compartments, and we further stratify the population to quarantined susceptible (*S* ~*q*~) and quarantined suspected individuals (*B*). We extend our model structure including the quarantined suspected compartment, which consists of exposed infectious individuals resulting from contact tracing and individuals with common fever needing clinical medication.Figure 2Diagram of the model adopted in the study for simulating the COVID-19 infection. Interventions, including intensive contact tracing, followed by quarantine and isolation, are indicated. The gray compartment means a suspected case compartment consisting of contact tracing Eq and fever clinics.Figure 2

By enforcing contact tracing, a proportion, *q*, of individuals exposed to the virus is quarantined, and can either move to the compartment *B* or *S* ~*q*~, depending on whether they are actually infected or not ([@bib0005]; [@bib0045]). In contrast, the other proportion, 1 −  *q*, consists of individuals exposed to the virus who are missed from contact tracing and move to the exposed compartment *E* once actually infected or stay in compartment *S* otherwise.

Let the transmission probability be *β*, and the contact rate be *c*. Then, the quarantined individuals, if infected (or uninfected), move to the compartment *B* (or *S* ~*q*~) at a rate of *βcq* (or (1 -- *β*)(*cq*)). Those who are not quarantined, if infected, will move to the compartment *E* at a rate of *βc*(1 -- *q*). Let constant *m* be the transition rate from susceptible class to the suspected compartment via general clinical medication due to fever or illness-like symptoms.

Data includes suspected individuals while most of the confirmed cases come from this compartment. The suspected individuals leave this compartment at a rate of *b*, with a proportion, *f,* if they have been confirmed to be infected by COVID-19, going to the hospitalized compartment; the other proportion, 1 −  *f,* has been proven to be not infected by COVID-19 and goes back to the susceptible class once recovery ([Table 1](#tbl0005){ref-type="table"} ).$$\begin{array}{l}
{S^{\prime} = - \frac{(\beta c(t) + c(t)q(t)(1 - \beta)SI}{N} - mS + \lambda S_{q} + b(1 - f)B,} \\
{E^{\prime} = \frac{\beta c(t)(1 - q(t))SI}{N} - \sigma E,} \\
{I^{\prime} = \sigma E - (\delta_{I}(t) + \alpha + \gamma_{I})I,} \\
{B^{\prime} = \frac{\beta c(t)q(t)SI}{N} + mS - bB,} \\
{{S^{\prime}}_{q} = \frac{(1 - \beta)c(t)q(t)SI}{N} - \lambda S_{q},} \\
{H^{\prime} = \delta_{I}(t)I + bfB - (\alpha + \gamma_{H})H,} \\
{R^{\prime} = \gamma_{I}I + \gamma_{H}H.} \\
\end{array}$$ Table 1Parameter estimates for the COVID-19 epidemic in Wuhan, China.Table 1ParameterDefinitionsEstimated valuesSourceHubei (Std)China (Std)*c*~0~Contact rate at the initial time14.78114.781[@bib0105]*c*~*b*~Minimum contact rate under the current control strategies5.00 (0.0039)8.00 (0.066)Estimated*r*~1~Exponential decreasing rate of contact rate0.20 (0.0067)0.15 (0.0352)Estimated*β*Probability of transmission per contact0.2068 (0.0048)0.1911 (0.0175)Estimated*q*~0~Quarantined rate of exposed individuals at the initial time0.0051 (0.0052)1.00 × 10^−4^ (0.0037)Estimated*q*~*m*~Maximum quarantined rate of exposed individuals under the current control strategies0.6297 (0.0134)0.98 (0.0087)Estimated*r*~2~Exponential increasing rate of quarantined rate of exposed individuals0.10 (0.00062)0.1531 (0.004)Estimated*m*Transition rate of susceptible individuals to the suspected class1.00 × 10^−6^(1.21 × 10^−8^)1.0002 × 10^−7^(1.58 × 10^−8^)Estimated*b*Detection rate of the suspected class0.09 (0.0000066)0.07 (0.0078)Estimated*f*Confirmation ratio: Transition rate of exposed individuals in the suspected class to the quarantined infected class0.80 (0.0032)0.50 (0.0541)Estimated*σ*Transition rate of exposed individuals to the infected class1/71/7[@bib0105]*λ*Rate at which the quarantined uninfected contacts were released into the wider community1/141/14[@bib0105]*δ*~*I*0~Initial transition rate of symptomatic infected individuals to the quarantined infected class0.13260.1326[@bib0105]*δ*~*If*~Fastest diagnosis rate2.5 (0.0009)2.5 (0.006)Estimated*r*~3~Exponential decreasing rate of diagnosis rate0.20 (0.000139)0.20 (0.093)Estimated*γ*~*I*~Recovery rate of infected individuals0.330.33[@bib0105]*γ*~*H*~Recovery rate of quarantined infected individuals0.20 (0.0045)0.15 (0.0132)Estimated*α*Disease-induced death rate0.013 (0.00036)0.008 (0.00017)EstimatedInitial valuesDefinitionsEstimated valuesSourceHubei (Std)China (Std)*S*(0)Initial susceptible population9.00 × 10^6^ (3.52 × 10^7^)2.00 × 10^7^ (1.23 × 10^7^)Estimated*E*(0)Initial exposed population4.00 × 10^3^ (390)9.00 × 10^3^ (2.11 × 10^3^)Estimated*I*(0)Initial infected population935 (60)1.2405 × 10^3^ (642)Estimated*B*(0)Initial suspected population800 (13)1072Data*S*~*q*~(0)Initial quarantined susceptible population21327347Data*H*(0)Initial quarantined infected population494771Data*R*(0)Initial recovered population3434Data

The contact rate *c*(*t*) is a decreasing function with respect to time *t*:$$c\left( t \right) = (c_{0} - c_{b})e^{- r_{1}t} + c_{b}\text{,}$$where *c* ~0~ denotes the contact rate on January 23, 2020 with *c*(0) =  *c* ~0~, *c* ~*b*~ denotes the minimum contact rate under the current control strategies with $\lim\limits_{t\rightarrow\infty}c\left( t \right) = c_{b}$, where *c* ~*b*~  \<  *c* ~0~, *r* ~1~ denotes the contact rate modeled as an exponential decreasing rate, assuming that the contacts are decreasing gradually due to the implementation of interventions.

*q*(*t*) is an increasing function with respect to time *t*:$$q\left( t \right) = \left( {q_{0} - q_{m}} \right)e^{- r_{2}t} + q_{m}\text{,}$$where *q* ~0~ is the initial quarantined rate of exposed individuals with *q*(0) =  *q* ~0~, *q* ~*m*~ is the maximum quarantined rate under the current control strategies with $\lim\limits_{t\rightarrow\infty}q\left( t \right) = q_{m}$ and *q* ~*m*~  \>  *q* ~0~, and *r* ~2~ is the quarantined rate modeled as an exponential increasing rate. This function reflects the gradually enhanced contact tracing.

The transition rate *δ* ~*I*~(*t*) is an increasing function with respect to time *t*, correspondingly, the period of diagnosis 1/*δ* ~*I*~(*t*) is a decreasing function of *t*:$$\frac{1}{\delta_{I}\left( t \right)} = \left( {\frac{1}{\delta_{I0}} - \frac{1}{\delta_{If}}} \right)e^{- r_{3}t} + \frac{1}{\delta_{If}}\text{,}$$where *δ* ~I0~ is the initial diagnosis rate, *δ* ~*If*~ is the fastest diagnosis rate, and *r* ~3~ is the exponential decreasing rate of the detection period. Here,$\delta_{I}\left( 0 \right) = \delta_{I0}$ and $\lim\limits_{t\rightarrow\infty}\delta_{I}\left( t \right) = \delta_{If}$ with *δ* ~*If*~  \>  *δ* ~*I*0~. Then, we define the effective reproduction number as$$R\left( t \right) = \frac{\beta c\left( t \right)\left( {1 - q\left( t \right)} \right)}{\delta_{I}\left( t \right) + \alpha + \gamma_{I}}\text{.}$$

Model-free estimation for *R*~0~ and *R*~*t*~ {#sec0025}
---------------------------------------------

Taking one day as a time unit and assuming December 31, 2019 to be the time start point, i.e., *t*  = 0 let $W_{t}^{c}$ and $N_{t}^{c}$ be the number of confirmed cases at time *t* in Wuhan and in China, respectively. Let $W_{t}^{o}$ and $N_{t}^{o}$ be the number of patients eventually confirmed and with illness onset at time *t* in Wuhan and in China. *T* represents the duration from onset to confirmation for a patient who is eventually confirmed with *P* ~*T*~ as a probability distribution.

For *k* different days $t_{1},\ldots,t_{2}\left( {t_{2} - t_{1} + 1 = k} \right)$, $N_{j}^{0}$ is assumed to follow the Poisson distribution with mean *λ* ~*j*~, which is the parameters to be estimated, given the number of confirmed cases $N_{s_{1}}^{c},\ldots,N_{S_{2}}^{c}$ on days $s_{1},\ldots,s_{2}\left( {s_{2} - s_{1} + 1 = m} \right)$ and the probability $p_{ij} = P\left( {i - j \leq i - j + 1} \right)$ that a patient with illness onset on day *j* will be confirmed on day *i*. For each *j*, $q_{j} = \sum_{i = \max{\{{j,s_{1}}\}}}^{s_{2}}p_{ij}$ is positive, with at least a fraction of patients with illness onset on day *j* and confirmed during the period $s_{1},\ldots,s_{2}$. Parameters $\left( {\lambda_{t_{1}},\ldots,\lambda_{t_{2}}} \right)$ can be estimated by $N_{s_{1}}^{c},\ldots,N_{S_{2}}^{c}$ and *p* ~*ij*~ through the deconvolution method (the Richardson--Lucy iterative algorithm): ([@bib0095], [@bib0060], [@bib0020])$$N_{i}^{c{(n)}} = \sum\limits_{j = t_{1}}^{i}{p_{ij} \cdot \lambda_{j}^{(n)}}$$ $$\lambda_{j}^{({n + 1})} = \frac{\lambda_{j}^{(n)}}{q_{j}} \cdot \sum\limits_{i = \max{\{{j,s_{1}}\}}}^{s_{2}}\frac{p_{ij} \cdot N_{i}^{c}}{N_{i}^{c{(n)}}}$$where $N_{i}^{c{(n)}}$ and $\lambda_{j}^{(n)}$ are fitted values of $N_{i}^{c}$ and *λ* ~*j*~ in the *n*th iteration, respectively. We stop the iteration when the error of fitting$$\chi^{2} = \frac{1}{m}\sum\limits_{i = s_{1}}^{s_{2}}\frac{{(N_{i}^{c{(n)}} - N_{i}^{c})}^{2}}{N_{i}^{c{(n)}}}$$becomes small, and the values of $\lambda_{t_{1}}^{(n)},\ldots,\lambda_{t_{2}}^{n}$ are reasonable.

Because the method above requires at least a fraction of patients with illness onset on day *j* and confirmed during the period $s_{1},\ldots,s_{2}$, we can determine the proper *t* ~1~ and *t* ~2~ such that $q_{i} > 0$ for $t_{1} \leq j \leq t_{2}$ in terms of the distribution *T*.

$N_{j}^{0}$ for $j < t_{1}$ is estimated as follows: let *T* ~0~ and *T* ~*c*~ be the dates of a patient with illness onset and confirmed. Let $W_{t}^{0|T_{c} < s}$ and $N_{t}^{0|T_{c} < s}$ be the number of patients who are confirmed on or before time *S* and with illness onset at time *t* in Wuhan and in China and let $\left. P(T \leq h \middle| T_{c} = s) \right.$ be the probability that a patient was confirmed at time *s* and *h* days after illness onset, which is the probability that a patient was confirmed at time *s* and with illness onset being the interval $\left\lbrack {s - h,s} \right\rbrack$. Let $\left. P(T \leq h \middle| T_{0} = s) \right.$ be the probability that a patient was confirmed *h* days after the illness onset on time *s*. Then$$\left. N_{t}^{0|T_{c} \leq s} - W_{t}^{0|T_{c} \leq s} = \sum\limits_{i = 0}^{s - t}\left( {N_{t + i}^{c} - W_{t + i}^{c}} \right) \cdot P(i \leq T \leq i + 1 \middle| T_{c} = t + i) \right.$$ $$\left. N_{t}^{0|T_{c} \leq s} = N_{t}^{0} \cdot P(T \leq s - t \middle| T_{0} = t) \right.$$

We use Eqs. (4) and (5) to estimate $N_{t}^{0}$ for $t \leq t_{1}$. To estimate the daily number of cases with illness onset in the period December 8, 2019--February 2, 2020 in China, $\left\{ N_{t}^{o} \right\}_{t = - 23}^{33}$, ([Figure 1](#fig0005){ref-type="fig"}(B)), we performed two steps: 1) we used the daily number of confirmed cases from January 17, 2020 to February 3, 2020 in China $\left\{ N_{t}^{c} \right\}_{t = 17}^{34}$ and the distribution *P* ~*T*~ to estimate the daily number of patients with illness onset from January 4--February 2, 2020 $\left\{ N_{t}^{o} \right\}_{t = 4}^{33}$; 2) we used the daily number of confirmed cases before or on January 22, 2020 in China and in Wuhan ($\left\{ N_{t}^{c} \right\}_{t \leq 22}$ and $\left\{ W_{t}^{c} \right\}_{t \leq 22}$), the daily number of cases with illness onset before January 22 and confirmed before January 22 in Wuhan $\left\{ W_{t}^{o|T_{c} \leq 22} \right\}_{t = - 23}^{22}$ and the distribution $\left. P(T \leq h \middle| T_{c} = s) \right.$ and $\left. P(T \leq h \middle| T_{o} = t) \right.$ to estimate the daily number of cases with illness onset $\left\{ N_{t}^{o} \right\}_{t = - 23}^{3}$ from December 8, 2019 to January 3, 2020. We use the method based on the following renewal equation to estimate *R* ~0~ and *R* ~*t*~ ([@bib0085], [@bib0080]). Let *j* ~*t*~ be the number of new cases on day *t*, and let $g_{\tau} = G\left( \tau \right) - G\left( {\tau - 1} \right)$ be the discretized distribution of the serial interval with *G*(*τ*) being the cumulative distribution function:$$E\left( j_{t} \right) = R_{0}\sum\limits_{\tau = 1}^{t - 1}{g_{\tau}j_{t - \tau}}$$

The number of new cases follows the Poisson distribution. The distribution of the serial interval is modeled as a gamma distribution with a mean of 7.5 days and a standard deviation of 3.4 days ([@bib0050]).

For *R* ~*t*~ we have$$E\left( j_{t} \right) = R_{t}\sum\limits_{\tau = 1}^{t - 1}{g_{\tau}j_{t - \tau}}$$

We estimate *R* ~0~ and *R* ~*t*~ based on the illness onset data per day $N_{t}^{0}$ (which is used to replace *j* ~*t*~).

Results {#sec0030}
=======

Model-free estimation of the basic/actual reproduction numbers {#sec0035}
--------------------------------------------------------------

To estimate the onset-to-confirmation distribution *P* ~*T*~, we have collected detailed information of some patients confirmed before January 30, 2020, from the Health Commissions of different cities, including dates of illness onset and dates of confirmation. We use the data of these patients with illness onset before January 20 (10 days prior to the latest onset date of the patients in the data) to avoid underestimating *T*.

By fitting a Weibull distribution on the illness onset data before January 30th, we estimate *P* ~*T*~ to be Weibull distributed (mean 7.67, standard deviation 2.88). By fitting a Weibull distribution on the data of cases confirmed on day s, we estimate $\left. P(T \leq h \middle| T_{c} = s) \right.$ to be Weibull distributed with mean 5.29 and standard deviation 3.48 for *s*  = 20,21,22. From the literature ([@bib0050]) $\left. P(T \leq h \middle| T_{0} = t) \right.$ was assumed to follow a Weibull distribution with mean 12.5 and standard deviation 7.5 for $t \leq 0$ and a Weibull distribution with mean 9.1 and standard deviation 4.18 for $1 \leq t \leq 3$.

We chose $\left( {S_{1},\ldots S_{2}} \right) = \left( {17,\ldots 34} \right)$ (January 17--February 3) to estimate $N_{t_{1}}^{0},\ldots,N_{t_{2}}^{0}$. According to *P* ~*T*~, we calculate that $q_{j} > 0$ for $4 \leq j \leq 33$ and $q_{j} = 0$ for other *j*. Then we can determine $\left( {t_{1},\ldots,t_{2}} \right) = \left( {4,\ldots,33} \right)$ (January 4--February 2) and estimate $\left\{ N_{t}^{0} \right\}_{t = t_{1}}^{t_{2}}$. We got $\left\{ W_{t}^{0|T_{c} \leq 22} \right\}_{t = - 23}^{22}$ from the literature ([@bib0050]), we chose *s*  = 22 in formula (4). We obtain $N_{t}^{c} = W_{t}^{c}$ for $t \leq 19$ ([Figure 3](#fig0015){ref-type="fig"} ), and hence we only need to estimate the distribution $\left. P(T \leq h \middle| T_{c} = s) \right.$ for $s = 20,21,22$. Therefore, then $\left\{ N_{t}^{0} \right\}_{t \leq 3}$ can be estimated by formula [(4)](#eq0045){ref-type="disp-formula"} and formula [(5)](#eq0050){ref-type="disp-formula"}.Figure 3(A) Cumulative number of confirmed reported cases for mainland China, Hubei province and Wuhan city, (B) Estimated number of illness onset cases for mainland China, Hubei province and Wuhan city, (C) Estimated basic reproduction number *R*~0~.Figure 3

We estimate the daily number of cases with illness onset on the day from December 8, 2019 to February 2, 2020 in China, $\left\{ N_{t}^{0} \right\}_{t = - 23}^{33}$, ([Figure 3](#fig0015){ref-type="fig"}(B)). The number of daily illness onset cases grew exponentially before January 20, 2020, and continued to grow but with a lower rate after January 20, 2020. Then it increased with a constant rate since the growth looks like a straight line ([Figure 3](#fig0015){ref-type="fig"}(B)). We used the data on cases with illness onset before January 4, $\left\{ N_{t}^{0} \right\}_{t = - 23}^{33}$, to estimate the basic reproduction number *R* ~0~ ([@bib0050]), which was 3.27 (95% confidence interval \[2.98, 3.58\]). To investigate the variation of the basic reproduction number and its relationship with the serial interval, sensitivity analysis is carried out by changing the mean of the serial interval from three to 12 days. We examine the variation in *R* ~0~ with the serial interval ([Figure 3](#fig0015){ref-type="fig"}(C)). The basic reproduction number *R* ~0~ increases in parallel with the serial interval. According to recent papers ([@bib0040], [@bib0115]), the serial interval may be shorter than that estimated in the previous references. The mean of the median serial interval was estimated to range from three to six days; the corresponding value of the estimated *R* ~0~ is between 1.45 and 2.43 ([Figure 3](#fig0015){ref-type="fig"}(C)).

Furthermore, we use the number of cases with illness onset on day t in China, $\left\{ N_{t}^{0} \right\}_{t = - 23}^{33}$, to estimate the effective reproduction number *R* ~*t*~ ([Figure 4](#fig0020){ref-type="fig"}(A)). It has a peak around January 20 and begins to decrease after January 20. It is worth noting that *R* ~*t*~ started to be stable from late January and was still above 1. By repeating the above process, we also estimated the data on cases with illness onset in Hubei Province between December 8-February 2, and based on that, we further estimated the effective reproduction number *R* ~*t*~ for Hubei ([Figure 4](#fig0020){ref-type="fig"}(B)). It follows from [Figure 3](#fig0015){ref-type="fig"}(B) that the data on cases with illness onset for Hubei is quite similar to that for China before mid-January. From [Figure 4](#fig0020){ref-type="fig"}(B), the effective reproduction number *R* ~*t*~ for Hubei shows a declining trend, which decreases quicker than that for mainland China, compared with [Figure 4](#fig0020){ref-type="fig"}(A). The number of cases with illness onset in Hubei may peak earlier than in mainland China. From [Figure 4](#fig0020){ref-type="fig"}(B), there was a small peak around January 12, 2020, which induces a relatively small and late main peak in Hubei, compared to [Figure 4](#fig0020){ref-type="fig"}(A) ([Table 2](#tbl0010){ref-type="table"} ).Figure 4Estimated effective reproduction number *R~t~* for mainland China in (A) and for Hubei province in (B). The timing of strategies implemented are as follows: (C1) Huanan Seafood Wholesale Market closed on January 1, 2020; (C2) Detection kits for COVID-19 first used on January 16, 2020; (C3) The Chinese government amended the Law on the Prevention and Treatment of Infectious Diseases to include COVID-19 as a class-B infection but manage it as a class-A infection due to its severity on January 20, 2020; (C4) Lock-down strategy in Wuhan implemented on January 23, 2020; (C5) Spring festival holiday extended and self-quarantine measures kept on January 26, 2020.Figure 4Table 2Control daily reproduction ratio *R*(*t*) for the COVID-19 epidemic in Wuhan, China.Table 2DateJan 23rdJan. 24Jan. 25Jan. 26Jan. 27Jan. 28Jan. 29Jan. 30Jan. 31*R*(*t*)Hubei6.39475.00243.93303.10902.47221.97841.59431.29461.0599China6.00334.57093.47742.64312.00761.52431.15770.88030.6709DateFebruary 1stFeb. 2Feb. 3Feb. 4Feb. 5Feb. 6Feb. 7Feb. 8Feb. 9*R*(*t*)Hubei0.87550.73020.61530.52410.45150.39350.34700.30960.2794China0.51310.39430.30480.23750.18670.14820.11890.09650.0792

Prediction from the dynamic model {#sec0040}
---------------------------------

By simultaneously fitting the proposed model to the four columns of data of cumulative reported, death, quarantined, and suspected cases, we obtain the estimations for the unknown parameters and initial conditions. The best-fitting result is shown in [Figure 5](#fig0025){ref-type="fig"} (black curves). From [Figure 5](#fig0025){ref-type="fig"}, the inflection points of cumulative quarantined and suspected population have been basically reached, while the cumulative number of reported cases nearly reaches its inflection point, which implies that the COVID-19 epidemic will nearly peak. Comparing the results in [Figure 5](#fig0025){ref-type="fig"}(A--D), the number of quarantined/suspected cases peak earlier than the number of reported cases. Increasing the minimum contact rate *c* ~*b*~ leads to an increase in the cumulative number of reported cases, the cumulative numbers of quarantined, and suspected cases. An increase in individuals' movement and/or weakening intervention measures (i.e., *c* ~*b*~ becomes larger) results in more cumulative reported, quarantined, suspected cases and postpones the epidemic peak ([Figure 5](#fig0025){ref-type="fig"}(A--D)). From [Figure 5](#fig0025){ref-type="fig"}(C--D, G--H), increasing the detection rate by three times while halving the confirmation ratio will result in more cumulative numbers of quarantined and suspected cases. In such a scenario, the number of cumulative reported cases exhibits a considerable decline, by comparing [Figure 5](#fig0025){ref-type="fig"}(A) and (E), [Figure 5](#fig0025){ref-type="fig"} (B) and (F)), i.e., the blue curves in [Figure 5](#fig0025){ref-type="fig"}(E--F) stabilize at lower values than the black curves do, which means that increasing the detection rate by four times, even decreasing the confirmation ratio by half, can reduce the final cumulative reported cases and bring forward the epidemic peak. Continuing to enhance the quarantine and isolation strategy, improving the detection rate, and decreasing the confirmation ratio, are beneficial in mitigating the burden of the infection.Figure 5Best model fitting results (black curves) and variation in cumulative number of reported cases, cumulative number of death cases, cumulative quarantined cases, and cumulative suspected cases with the minimum contact rate (*c~b~*), detection rate (*b*), and the confirmation ratio (*f*).Figure 5

Repeating the above process based on real and generated data for Hubei gives similar results reported in [Figure 6](#fig0030){ref-type="fig"} (there is no data on suspected cases in Hubei). From [Figure 6](#fig0030){ref-type="fig"}(A--C), doubling the minimum contact rate *c* ~*b*~ leads to an increase in the cumulative number of reported, quarantined, and suspected cases. Similar to [Figure 5](#fig0025){ref-type="fig"}(A--C), increasing the minimum contact rate *c* ~*b*~ induces a significant increase in the number of quarantined cases, comparing [Figure 6](#fig0030){ref-type="fig"}(C) to [Figure 5](#fig0025){ref-type="fig"}(C). More people may be quarantined if the contact rate becomes greater in Hubei.Figure 6Best model fitting results (black curves) and variation in cumulative number of reported cases, cumulative number of death cases, and cumulative quarantined cases with the minimum contact rate (*c~b~*), detection rate (*b*), and the confirmation ratio (*f*) for Hubei Province.Figure 6

The critical factors making the prediction difficult are the lag in case reporting and the randomness of the monitoring data. To examine the influence of the randomness of multisource data on model prediction, we assume the cumulative reported, death, suspected, and cumulative quarantined cases follow a Poisson distribution with the intraday cumulative number as the key parameter. We randomly generate 1000 columns of datasets for fitting. We then obtain the mean value and the 95% confidence interval of key indicators, including epidemic situation, daily reproduction ratio, peak time, or inflection point ([Figure 7](#fig0035){ref-type="fig"} ). Due to the characteristics of the cumulative data, we here only show the 95% of the unilateral upper confidence limit and interval in [Figure 7](#fig0035){ref-type="fig"}. The number of cumulative quarantined cases tends to be stable.Figure 7The impact of the randomness of the cumulative reporting data sets, including cumulative number of reported cases, cumulative number of death cases, cumulative quarantined cases and cumulative suspected cases on the 2019nCov epidemic in mainland China. The unilateral 95% confidence intervals (here 95% upper confidence limits) have been given, and the mean curve and estimated curve based on the real data sets are marked in each subplot.Figure 7

In contrast, the other three types of cumulative population sizes exhibit great randomness, implying that a random event (such as a sudden cluster infection) may lead to a rapid increase in the numbers of cumulative reported cases, deaths, and suspected cases. Moreover, the fitting curve of the cumulative death cases with the real data is located in the middle of the 95% unilateral upper confidence interval. The number of cumulative death cases due to the COVID-19 infection is highly uncertain, where the improvement of treatment level may significantly reduce the fatality rate.

Similarly, based on real data and 1000 columns of generated data, we plot the curve of hospital notifications ([Figure 8](#fig0040){ref-type="fig"}(A) for China and (D) for Hubei). The hospital notifications will peak around February 8, 2020, and the peak time for Hubei province may be one day early. The values of the hospital notifications in [Figure 8](#fig0040){ref-type="fig"}(A) and (D) are much smaller than those reported by the National Health Commission of China ([@bib0070]), due to the very restrictive discharge conditions in Hubei. From [Figure 8](#fig0040){ref-type="fig"}(B) and (E), the estimated effective reproduction number based on the real data almost coincides with the mean values for both China and Hubei, while the effective reproduction number in Hubei province is always larger than the value for mainland China. From [Figure 8](#fig0040){ref-type="fig"}(A) and (B), the COVID-19 epidemic in China is highly uncertain. [Figure 8](#fig0040){ref-type="fig"}(C) and (F) give the estimated contact rate *c*(*t*), quarantined rate *q*(*t*), and diagnosis rate *δ* ~*I*~(*t*), showing that the contact rate curve for Hubei decreases faster than that for mainland China with a smaller *c* ~*b*~. The quick decrease of the contact rate and the gradual increase of quarantined diagnosed cases rate indicate that the restrictive measures in China have been strengthened since January 23, 2020.Figure 8The hospital notifications, effective reproduction numbers, and estimated contact rate, quarantined rate and diagnose rate curves for mainland China (A--C) and the Hubei province (D--F).Figure 8

Discussion {#sec0045}
==========

Since January 23, 2020, the Chinese government has implemented several measures in controling the COVID-19 epidemic. Recent data show that most reported cases come from suspected individuals. This implies that the changing trends of cumulative quarantined and suspected cases greatly influence the pattern of the COVID-19 epidemic. The cumulative numbers of quarantined and suspected cases tend to stabilize since their inflection points have already been achieved. The COVID-19 epidemic will peak in the near future.

The existing models either use the data of only confirmed cases or data of both confirmed and death cases, with most model predictions ignoring the effects of quarantine and isolation. Here we extend a previously developed model ([@bib0105]) by including new compartments, and utilizing more data of quarantined and suspected cases, to make predictions and perform assessment and risk analysis. Based on our predictions, the number of cumulative confirmed cases is near to its inflection point, and the COVID-19 infection will peak soon. The trends of the COVID-19 epidemics in Hubei and China depend on cumulative quarantined and suspected cases, in terms of variations of detection rate and the confirmation ratio for these two compartments.

Therefore, our model is consistent with the current epidemic development and in line with the prevention measures implemented in mainland China. The actual reproduction numbers are quite large before January 24, 2020, suggesting that the population movement before the Spring Festival, especially the outflow of the population before the lock-down of Wuhan, is a key factor resulting in the COVID-19 epidemic. The actual reproduction numbers show a declining trend, indicating that new infections have been decreasing, while newly reported cases have been increasing significantly from February 3 to February 7, 2020.

The strong measures implemented have reduced the actual reproduction number. These interventions may take a longer time to be effective as the second and third generations of infected people are exposed in succession. After the first wave of the Spring Festival, the flow of people increased the risk of spreading the novel coronavirus. The uncertainty of the national epidemic is higher than that of Hubei, so the evolutionary trend of the epidemic still needs attention in the future in terms of population migration or possible infection clusters on the way.
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